Introduction
The major goals of physiology as conceptualized by Guyton & Hall (1996) are to better explain the physical and chemical factors responsible for the origin, development and progression of life. This review will contrast exercisedeficient states (as seen in the present day sedentary individuals having little leisure-time or occupational physical activity) to that of the physically active lifestyle (as seen in the Late Palaeolithic and current hunter-gatherer societies) to deduce gene functions developed for exercise. (During the Late Palaeolithic period (50 000-10 000 BC) humans lived as hunter-gatherers, using rudimentary chipped stone tools, and are thus said to have lived in the 'old stone age'; Eaton et al. 2002.) In a sense, physical inactivity is analogous to a loss of function resulting from a silencing of a gene, except that the missing element is not the gene but the environmental interaction of physical activity with the gene (Perusse & Bouchard, 1999; Booth & Vyas, 2001 ). However, it is possible to deduce function from a loss-of-function consideration. Therefore, this review will consider the viewpoints of Darwinian medicine and the 'thrifty' gene hypothesis better to elucidate functions for exercise-induced gene expressions.
Darwin's natural selection concept applied to physical activity: selection of our Late Palaeolithic ancestors' genes determines levels of physical activity required for appropriate gene expression
The Darwinian concept of natural selection is that inheritable variations among the individuals of given types of organisms continually arise in nature and that some variations prove advantageous under prevailing conditions in that they enable the organism to leave relatively more surviving offspring (Cherow & Vallasi, 2002 The current human genome was moulded and refined through generations of time. We propose that the basic framework for physiologic gene regulation was selected during an era of obligatory physical activity, as the survival of our Late Palaeolithic (50 000-10 000 BC) ancestors depended on hunting and gathering. A sedentary lifestyle in such an environment probably meant elimination of that individual organism. The phenotype of the present day Homo sapiens genome is much different from that of our ancient ancestors, primarily as a consequence of expressing evolutionarily programmed Late Palaeolithic genes in an environment that is predominantly sedentary. In this sense, our current genome is maladapted, resulting in abnormal gene expression, which in turn frequently manifests itself as clinically overt disease. We speculate that some of these genes still play a role in survival by causing premature death from chronic diseases produced by physical inactivity. We also contend that the current scientific evidence supports the notion that disruptions in cellular homeostasis are diminished in magnitude in physically active individuals compared with sedentary individuals due to the natural selection of gene expression that supports the physically active lifestyle displayed by our ancestors. We speculate that genes evolved with the expectation of requiring a certain threshold of physical activity for normal physiologic gene expression, and thus habitual exercise in sedentary cultures restores perturbed homeostatic mechanisms towards the normal physiological range of the Palaeolithic Homo sapiens. This hypothesis allows us to ask the question of whether normal physiological values change as a result of becoming sedentary. In summary, in sedentary cultures, daily physical activity normalizes gene expression towards patterns established to maintain the survival in the Late Palaeolithic era.
devoted to the topic of evolution in which it stated that close to 100 % of the biologic existence of humans was adapted to an outdoor existence of hunting and foraging for foods. Later, Åstrand (1992) added that major adaptations for human survival 'were consonant with habitual physical activity, including endurance and peak effort alternated with rest.' Trevathan et al. (1999) contend that 95 % of human biology, and presumably some of human behaviours, were naturally selected during the time period in which our ancestors lived as gatherers of wild food resources, but now these selections may be maladaptive. According to Gerber & Crews (1999) , numerous alleles that evolved for function, selective advantage, and survival in the Late Palaeolithic era are now being exposed to sedentary lifestyles, fat-rich/fibre-poor diets, and an extended lifespan where they now put their carriers at a disadvantage with respect to chronic degenerative diseases and longevity with little impact on the genetic successes of their progeny. The assertion has been made that the portion of the human genome that determines basic anatomy and physiology has remained relatively unchanged over the past 10 000 years (Cavalli-Sforza et al. 1994; Cordain et al. 1998) . Thus, most of the current human genome probably evolved in the physically active hunter-gatherer environment and remains unchanged to this day (Cordain et al. 1998) . Consequently, this would lead to a dissonance between 'Stone Age' genes and 'Space Age' circumstances, with resulting disruption of ancient, complex homeostatic systems, as asserted by Eaton et al. (2002) .
Estimates of physical activity in the Late Palaeolithic era and current physically active societies are much greater than in current sedentary lifestyles (Cordain et al. 1998) . Cordain et al. (1998) The concept of Darwinian (evolutionary) medicine applied to exercise deficiency Nesse & Williams (1998) indicate that Darwinian medicine asks why the body is designed in a way that makes humans vulnerable to problems like atherosclerosis, a disease whose prevalence only increased in the last 100 years (Peery, 1975) . Evolutionary medicine takes the view that many contemporary physical ills are related to incompatibility between lifestyles and environments in which humans currently live and the conditions under which human biology evolved . Observations made on populations in the 20th century support the contention made by Eaton et al. (1988) that there is now a mismatch between humans' ancient, genetically controlled biology and certain important aspects of our lives such as exercise, nutrition, alcohol and tobacco. For example, Eaton et al. (2002) concluded that while current hunter-gatherer societies undergo similar (but slower) agerelated losses in vision and hearing capacity than do sedentary societies, current hunter-gatherers rarely develop chronic degenerative disorders such as hypertension, obesity, sarcopenia, hypercholesterolaemia, non-occlusive atheromata and insulin resistance, as compared with their prevalence in similar-aged sedentary populations. Epidemiological reports indicate higher prevalences of breast cancer (22 % increase), mortality (41 % increase), coronary heart disease (43 % increase), gallstones (49 % increase), type 2 diabetes (85 % increase), colon cancer (85 % increase), diabetic coronary heart disease (92 % increase) and ischaemic stroke (117 % increase) in the Harvard Nurses Health participants who undertook less than 2.5 hours per week of moderate physical activity (e.g. brisk walking) as compared with cohorts who had more than 2.5 hours per week of physical activity (Hu et al. , 2000 (Hu et al. , 2001 Leitzmann et al. 1999; Manson et al. 1999; Martinez et al. 1997; Rockhill et al. 1999 Rockhill et al. , 2001 ). In the 1990s, Mexican Pima Indians expended 2100-2520 kJ day _1 more (500-600 more kcal day _1 ) in physical activity, had a diet lower in fat and higher in fibre content, weighed 26 kg less, and did not have the diabetes epidemic of their obese Arizonian Pima counterparts (Esparza et al. 2000) . The changes in the prevalence of diabetes between two geographically separate but genetically similar Pima Indian tribes suggest the importance of environmental interactions with the genome (Pratley, 1998) . For example, Gerber & Crews (1999) contend that reductions in physical activity in the past 100 years are being played out against a background of coadapted gene complexes that show multiple epistatic, multifactorial and pleiotrophic relationships. This review will consider why exercise deficiency produces a dysfunction in gene expression (Fig. 1). 'Thrifty' gene concept applied to physical activity: our Late Palaeolithic ancestors' genes determine our response to a sedentary lifestyle Neel (1962) proposed that 'thrifty' genes were incorporated into the human genome because of their selective advantage over the less 'thrifty' ones during earlier phases of human evolution. According to Neel (1962) , 'thrifty' genes would increase the efficiency of energy storage in periods of food availability as compared with those without these genes. Subsequently, during famines, individuals with 'thrifty' genes would have an advantage, using their larger previously stored energy to maintain homeostasis, while those without the 'thrifty' genes would be at a disadvantage and less likely to survive (Wendorf & Goldfine, 1991) . Over 40 years later, Neel (1999) revised his original hypothesis with the statement: 'It is now clear that the original "thrifty" genotype hypothesis, with its emphasis on feast or famine, presented an overly simplistic view of the physiological adjustments involved in the transition from the lifestyle of our ancestors to life in the high tech fast lane. ' Neel (1999) then wrote that the high conditioning of the muscle of our tribal, hunter-gatherer ancestors now needs to be considered as a part of his original thrifty gene hypothesis. Eaton et al. (2002) agree with Neel's contention that through nearly all of human evolution, physical exercise and food procurement were inextricably linked. The current review will also consider Neel's modified 'thrifty' gene hypothesis (1999) to explain function of exercise-induced adaptations in gene expression.
Exercise-induced changes in gene expression in specific organ systems Skeletal muscle Regulation of muscle size. Cordain et al. (1998) inferred that muscular loading must have been high for Homo erectus of 1 million years ago, as they did not use crafted tools of compound levers. Ruff (1993) reported that human bone robustness decreased from 50 000 years ago when human creativity and technological innovation increased dramatically and the efficiency of food gathering activities improved. Neel et al. (1998) wrote that although trained athletes retain the relative muscle mass of early humans (at least until competitions are over), modern humans are characterized by a 'striking sarcopenia'. Thus, one can infer based on these statements that the relative size of human muscle mass in the Late Palaeolithic era was larger than today. Consequently what is called the mechanisms of skeletal muscle hypertrophy from sedentary levels today would probably be the maintenance of muscle mass in the Late Palaeolithic era. Given that the Late Palaeolithic culture of 10 000 BC demanded the lifting of heavy loads, larger masses of skeletal muscle may have favoured pre-reproductive survival. Perhaps, the remnants of such genomic programming is the observation of increased mortality rates seen in present day humans when skeletal muscle mass declines below a certain minimum secondary to physical frailty (Sherman, 2001) , starvation (Kreiger, 1921; Winick, 1979) or AIDS (Kotler et al. 1989) .
In order to better understand the molecular details of how increased muscle loading causes an increase in muscle mass, the skeletal a-actin gene is used as a model for examining such mechanisms. Perhaps the understanding of such molecular-genetic details may shed insight into how the environment may have influenced the expression of the skeletal a-actin gene, resulting in the observed differences in muscle mass in present-day sedentary individuals with those that are physically active, and in turn extrapolated to that of the Late Palaeolithic period.
Myofibrillar protein per whole muscle (Laurent et al. 1978) , myofibrillar protein synthesis (Laurent et al. 1978) actin protein synthesis (Gregory et al. 1990 ), actin mRNA ) by guest on July 10, 2010 jp.physoc.org Downloaded from J Physiol ( (Carson et al. 1995) , and actin promoter activity (Carson et al. 1995) have all been shown to increase in an animal overload model, which leads to muscle hypertophy. One known hypertrophy regulatory site on the skeletal a-actin gene promoter is the serum response element 1 (SRE1; Carson et al. 1995) . SREs are cis-acting DNA regulatory elements that respond to changes in the availability and activity of transcription factors that bind to the element (Lee et al. 1992) . Deletion of the SRE1 element in the skeletal a-actin promoter eliminated the increased transcriptional activity of the a-actin promoter in overloaded skeletal muscles undergoing hypertrophy (Carson et al. 1995) . Carson et al. (1995) concluded that SRE1 is a hypertrophy regulatory element that activates specific contractile protein genes to produce more mRNA in response to overload conditions. Serum response factor (SRF) is a transcription factor that homodimerizes to SRE1 on the skeletal a-actin gene (Lee et al. 1992) . Increases in the quantity (Carson et al. 1995) , and potentially the post-translational status (Fluck et al. 1999) , of SRF were noted in hypertrophying muscles. An increase in SRF transcriptional activity should enhance transcription of skeletal a-actin mRNA. Therefore, it is likely that during the late phases of a hypertrophic stimulus, transcription of the a-actin gene is an important contributor to muscle hypertrophy.
However, the early adaptive changes in skeletal muscle during increased loading are probably also due to enhanced translation of existing mRNAs with such increases being significant enough to increase protein production after a few days of overloading. The increased translation is probably signalled, in part, through the enzyme p70 S6K , which ultimately leads to enhanced protein synthesis (Baar & Esser, 1999) . Intriguingly, the type of exercise stimuli governs the intricate balance of which signalling pathways are turned on or off, thereby providing for a regulation of phenotypic outcomes. For example, aerobic exercise involving predominantly endurance type of work does not phosphorylate p70 S6K (Sherwood et al. 1999) , whereas high-resistance loading type of exercise does (Bodine et al. 2001b ). Further, Nadar & Esser (2001) also found that treadmill running did not have any effect on the phosphorylation status p70
S6K . This suggests a differential regulation of signalling by the type of exercise and the possibility of different phenotypic outcomes.
As a further layer of complexity, the extrinsic microenvironment of the cell further governs the regulation of intracellular mediators such as AKT/PKB. For instance, insulin-like growth factor-I (IGF-I) is a well documented activator of AKT/PKB kinase activity, via the activation of phosphatidylinositol-3‚-kinase (PI3‚-K; for review see Butler et al. 1998) . Therefore, altering the extracellular concentrations of IGF-I via autocrine/paracrine action ultimately results in a marked phenotypic change.
Environmental cues such as increased loading of muscle by stretch have been shown to increase liver and muscle isoforms of IGF-I mRNA within muscle fibres (McKoy et al. 1999) and to increase IGF-I peptide in the whole muscle (Adams et al. 1999) . Alternatively, IGF-I in muscle could also be artificially increased as achieved by adenovirally mediated gene transfer (Barton-Davis et al. 1998) or via direct application to the muscle by miniosmotic pumps (Chakravarthy et al. 2000) , both of which resulted in a dramatic rescue of skeletal muscle from atrophy. In addition, it seems that activation of the AKT signalling pathway alone is sufficient to induce hypertrophy. For example, Bodine et al. (2001b) found that by using gene therapy methods to deliver a constitutively active form of AKT, it was possible to induce skeletal muscle hypertrophy, suggesting that this pathway plays a prominent role in muscle hypertrophy. Therefore, it is likely that the increased expression of IGF-I and activation of the AKT signalling pathway may significantly contribute to skeletal muscle hypertrophy. However, this is not to suggest that this is the only operative signalling pathway in muscle hypertrophy, since others have found that the activation of other pathways such as calcineurin (Dunn et al. 1999) , and inhibition of certain ubiquitin ligases (Bodine et al. 2001a; Gomes et al. 2001) , can enhance muscle mass.
Calcineurin is a Ca 2+ -calmodulin-dependent phosphatase that appears to be crucial in the signalling of functional overload-induced fibre hypertrophy. Dunn et al. (1999) have demonstrated the importance of calcineurin in muscle fibre hypertrophy with various pharmacological inhibitors of calcineurin. Calcineurin is probably activated in overloaded muscles via the chronic increases in intracellular calcium that occur under overloaded conditions as a result of a doubling of nerve-mediated muscle fibre activation and load-related increases in insulin-like growth factor (Dunn et al. 2000) . Once activated, calcineurin may signal downstream genes involved in regulating muscle fibre size via dephosphorylation of its substrate transcription factors, nuclear factor of activated T cells (NFAT; Dunn et al. 2000) . Various NFAT isoforms have been shown to be able to activate various genes, which have been implicated in the slow muscle fibre and muscle hypertrophy gene expression (Olson & Williams, 2000) . Calcineurin has been shown to be required at only specific time points of muscle re-growth from a bout of muscle atrophy and these time points vary between fast and slow muscles (Mitchell et al. 2002) .
In addition, a class of inhibitors also determines skeletal muscle size. Myostatin knockout mice had muscle hypertrophy (McPherron et al. 1997) . Muscle unloading has been shown to increase myostatin protein, which was reversed when short periods of loading intervened during the unloading (Wehling et al. 2000) . Sharma et al. (2001) concluded that there is strong circumstantial evidence for the role of myostatin regulating muscle growth after birth. More recently another negative regulator of skeletal muscle growth has been noted. Inhibition of glycogen synthase kinase-3b by a dominant negative mutant (Rommel et al. 2001) or by LiCl (Vyas et al. 2002) is associated with an enlargement of C2C12 myotubes in culture.
Capacity of skeletal muscle to oxidize fuels. A direct association between the duration of contractile activity and mitochondrial density of the contracting skeletal muscle has been long established (Holloszy & Booth, 1976) . Cytochrome c protein is a marker for mitochondrial density and the capacity to oxidize fuels, which rise and fall during exercise and limb immobilization, respectively (Booth & Holloszy, 1977; Dudley et al. 1982) . Increases and decreases in the cytochrome c mRNA concentration occur with exercise and physical inactivity, respectively (Morrison et al. 1987) . Strikingly, identification of one potential signalling pathway for an exerciseinduced mitochondrial biogenesis started with the 1996 report that AMP kinase (AMPK) activity was found to increase two-to three-fold in the deep red region of the quadriceps muscle within 5 min of the beginning of exercise and remained elevated for as long as the rat continued to run (Winder & Hardie, 1996) . Evidence is accumulating for a role of AMPK in initiating the induction of some of the adaptations to endurance training, including the increase in muscle GLUT-4, hexokinase, uncoupling protein 3, and some of the mitochondrial oxidative enzymes (Winder & Hardie, 1996) . The increase in AMPK activity during contraction increases NRF-1 (Bergeron et al. 2001; Murakami et al. 1998; Xia et al. 1997 ), a transcription factor, which, in turn, binds to the ALA synthase and mTFA gene promoters, resulting in increases in these proteins (Gordon et al. 2001) and consequently increases cytochrome c protein concentration and mitochondrial density (Hood, 2001) . Increases in sarcoplasm Ca 2+ concentrations are associated with increases in Ca 2+ -calmodulin-dependent protein kinase activity (Ojuka et al. 2002) , which have been shown to increase PGC-1 and cytochrome c protein expression (Wu et al. 2002) . Williams et al. (1986) observed increased concentrations of mRNAs from mitochondrial and nuclear genomes, as well as an increased mitochondrial DNA copy number, in skeletal muscles that underwent chronic electrical stimulation. Pilegaard et al. (2000) have demonstrated that recovery from exercise is associated with transient increases in the transcription of several metabolically related genes (uncoupling protein 3, pyruvate dehydrogenase kinase 4, haeme oxygenase-1, lipoprotein lipase, and carnitine pamitoyltransferase I) in human skeletal muscle. They have interpreted these findings to suggest that the transcriptional activation of target genes is a primary adaptive response to exercise within muscle cells and that the cumulative effects of transient increases in transcription during recovery from consecutive bouts of exercise probably underlie the kinetic basis for the cellular adaptations associated with exercise training.
A number of functions for exercise-induced increases in the concentrations of skeletal muscle mitochondria have been suggested. One function is that a smaller disruption in homeostasis occurs within contracting skeletal muscles with higher mitochondrial concentrations (Holloszy & Booth, 1976) . For example, when the same human is tested at the same submaximal O 2 consumption before and after endurance training, glycogen depletion and lactate concentrations in the quadriceps muscle are lower (Saltin & Karlsson, 1971) . Trained muscles oxide more fatty acids (sparing the limited stores of glycogen) at the same absolute workload with a resultant protection against hypoglycaemia-induced fatigue and a longer exercise-time to exhaustion (Holloszy & Coyle 1984; Saltin & Åstrand, 1993) . Endurance-trained skeletal muscles increase enzymes for b-oxidation and thus oxidize more fatty acids at a given absolute workload (Molé et al. 1971) . Creatine phosphate concentrations are higher and inorganic phosphate ADP, AMP and lactate concentrations are lower in muscles of exercise-trained rats with higher mitochondrial concentrations as compared with untrained rats during the same contractile activity (Constable et al. 1987; Dudley et al. 1987) . Constable et al. (1987) described this adaptation as 'one aspect of the smaller disturbance in homeostasis that occurs in trained compared with untrained muscles performing the same activity.' Thus, exercise-deficient skeletal muscles undergo a greater homeostatic disruption at the same absolute work intensity, which Eaton et al. (2002) attributed to discords 'between "Stone Age" genes and "Space Age" circumstances, with resulting disruption of ancient, complex homeostatic systems.' Cardiovascular Vascular biology. The vascular endothelium serves as an important modulator of vasomotor tone and function by synthesizing and releasing nitric oxide (NO) for flowdependent dilatation of conduit arteries during periods of increased cardiac work (Kelm, 2002) . However, endothelial function is dynamic and easily depressed by numerous factors. For example, postprandial lipaemia, hyperglycaemia, mental stress and/or physical inactivity can all lower NO expression levels in vessel walls (Abdu et al. 2001; Kelm, 2002) . In addition, the coronary vascular response to acetylcholine depends on the integrity of the endothelium and the endothelial NO pathway (Kelm, 2002) . Only if the endothelium is healthy can acetylcholinemediated vasodilatation through NO occur. Patients with coronary endothelial dysfunction respond to acetylcholine by impaired production of endothelium-derived NO and a paradoxical vasoconstriction that is associated with Physiology of sedentary living J. Physiol. 543.2 diminished coronary blood flow (Hambrecht et al. 2000) . Exercise training reversed the degree of endotheliumdependent vasoconstriction from acetylcholine in both epicardial coronary vessels and resistance vessels in patients with coronary artery disease (Hambrecht et al. 2000) , suggesting a correlation between the health of coronary vessels and physical activity levels.
Interestingly, exercise of sedentary pigs enhances NOmediated vasodilatation (Bowles et al. 2000) . One of the mechanisms for this effect is via increased blood flow that occurs in the heart during exercise, which in turn produces shear stress in endothelial cells, ultimately resulting in enhanced NO levels and coronary endothelium-dependent relaxation (Muller et al. 1994) . Exercise-mediated increases in NO levels are largely due to an up-regulation of endothelial nitric oxide synthase (ecNOS) mRNA (Sessa et al. 1994 ) and protein (Woodman et al. 1997) expression.
Many other mechanisms may underlie the maintenance of high NO levels during increased physical activity. For instance, extracellular membrane-bound superoxide dismutase (ecSOD) functions as a major cellular defence against oxygen free radicals (O 2 • _ ; Stroppolo et al. 2001) . Extracellular SOD scavenges these free radicals and converts them into hydrogen peroxide, thereby preventing the formation of toxic metabolities such as peroxynitrite (Stroppolo et al. 2001) . The prevention of these toxic metabolites is vital, since these metabolites can induce degradation of NO (Stroppolo et al. 2001) . Exercise is associated with an increased level of ecSOD mRNAs in aortas of wild-type mice (Fukai et al. 2000) . This adaptation was removed in transgenic mice lacking the eNOS gene (Fukai et al. 2000) . The investigators interpreted their findings as suggesting that NO produced by endothelial cells stimulates increased ecSOD mRNA in adjacent smooth muscle cells, thus preventing O 2 • _ -mediated degradation of NO as it traverses between the two cell types. Chronic aerobic exercise training selectively increases the levels of SOD-1 mRNA, protein and enzymatic activity in porcine coronary arterioles. This report (Rush et al. 2000) suggested that increased SOD-1 could contribute to the enhanced NOdependent dilatation previously observed in coronary arterioles of exercised pigs by regulating the amount of superoxide in the vascular cell environment, thereby prolonging the biological half-life of NO.
Long-term exercise training increases the diameters of coronary blood vessels in exercise-trained monkeys (Kramsch et al. 1981) . Kingwell et al. (2000) suggested that NO is one of the crucial signals for such adaptive changes in gene expression in the extracellular matrix that lead to the long-term increases in the vessel's structural diameter, resulting in enhanced coronary flow, and ultimately decreasing myocardial ischaemia. This adaptation would then lower shear stresses at a given blood flow and diminish a disruption in homeostasis.
Nitric oxide is also a potent anti-atherogenic agent, mediating its actions via vasodilatation, as well as inhibition of platelet aggregation, smooth muscle cell proliferation, and leucocyte adhesion to endothelial cells in the vessel wall (Wroblewski et al. 2000) . A disturbance of endothelial function by the loss of NO and its consequent smooth muscle vasoconstriction is considered a key event in the development of atherosclerosis (Gielen et al. 2001) .
Clinical and postmortem investigations of recent hunter-gatherer societies (artic Eskimos, Kenyan Kikuyu, Solomon Islanders, Navajo Indians, Masai pastoralists, Australian Aborigines, Kalahari San (Bushman), New Guinea highland natives and Congo Pygmies) reveal little or no heart disease (see Eaton et al. 1988 for references). Eaton et al. (1988) contend: 'Like our Palaeolithic ancestors, they (recent hunter-gatherer societies) lacked tobacco, rarely had hypertension, and led lives characterized by considerable physical exercise. In addition, their serum cholesterol levels were low (Eaton et al. 1988) . When individuals from hunter-gatherer societies became 'westernized" (migrations of Japanese, Chinese and Samonans to the USA), their incidence of coronary heart disease rises (Eaton et al. 1988) . Peery (1975) in his Ward Burdick Award address commented: 'Ischaemic heart disease should be looked upon as new disease, largely due to greater consumption of meat and dairy products, and the more sedentary lifestyle that have been adopted in the United States as a result of our greater affluence.' However, Cordain et al. (2002) found from field studies of thirteen 20th century hunter-gatherer societies that they consumed 65 % of their energy from animal food, yet were relatively free of signs and symptoms of cardiovascular disease. They suggest that qualitative differences in fat intake, high intakes of antioxidants, fibre, vitamins and phytochemicals, along with low salt intake may have operated synergistically with more exercise, less stress, and no smoking to prevent cardiovascular disease in the hunter-gatherers .
Deficient physical activity in the current sedentary culture lowers NO production in endothelial cells of human coronary blood vessels producing vasoconstriction (Hambrecht et al. 2000) . Hambrecht et al. 2000, concluded: 'This finding provides a pathophysiologic framework for the elucidation of the positive effects of exercise on myocardial perfusion and emphasizes the therapeutic potential of endurance training for patients with stable coronary artery disease.' The lack of exerciseinduced blood flows producing nitric oxide could be a potential contributing factor to explain, in part, the Centers for Disease Prevention's finding that showed 'no exercise' accounted for 248 317 deaths from heart disease in the US in 1986 (34 % of total heart deaths) (Hahn et al. 1990 ).
Heart. There are two major categories of cardiac hypertrophy: one in which cardiac reserve (i.e. the maximum percentage that the cardiac output can increase above normal; Guyton & Hall, 1996) and contractility are enhanced (physiological hypertrophy associated with 'athletes'); and the other in which contractility diminishes (pathological hypertrophy produced by pressure overload, such as hypertension, leading to congestive heart failure; Wikman-Coffelt et al. 1979) . For example, according to Guyton & Hall (1996) , cardiac reserve is 300-400 % in the healthy young adult, 500-600 % in the athletically trained person, and zero in heart failure. The significance of physiological cardiac hypertrophy is that it improves cardiac function by decreasing oxygen cost per unit of work, resting and submaximal heart rates, as well as increasing filling time, venous return and maximal cardiac output.
Does scientific evidence favour physiological cardiac hypertrophy or the sedentary healthy heart as the physiological norm in AD 2000? The current data seem to support the former possibility. On the basis of gross and microscopic examinations of the hearts of labourers, Linzbach (1947) coined the term 'physiological left ventricular hypertrophy'. Physiological hypertrophy of cardiac myocytes cannot solely be explained by an inherited and fixed genome, but rather is attributable in part to the plastic nature of cardiac tissue, which in turn is influenced by a dynamic and changing microenvironment. For example, heart dimensions of sedentary young men rapidly increase with swim training and decrease with deconditioning (Ehsani et al. 1978) . As Palaeolithic humans laboured for their survival, we speculate that they exhibited left ventricular hypertrophy and high cardiac reserves. Curiously, the term physiological cardiac hypertrophy is almost always now associated with 'athletes', rather than 'labourers'. For example, the JAMA issue dedicated to the 1976 Olympic Games contained an article entitled 'The Athletic Heart' (Raskoff et al. 1976) . In 2001, Iemitsu et al. wrote: 'Chronic exercise training causes cardiac hypertrophy, which is defined as the athletic heart.' This conversion of the population group with physiological cardiac hypertrophy from 'labourers' to 'athletes' illustrates a shift in the written physiologic norm, as well as a shift in the designation of the control group.
Another supporting set of data for the physiologic norm being physiological cardiac hypertrophy is the comparison between mice allowed to run on voluntary running wheels with their sedentary group housed without wheels. Mice housed with voluntary running wheels ran 3-5 km day _1 (Rothermel et al. 2001) or 7 km day _1 (Allen et al. 2001 ) with a resultant physiologic cardiac hypertrophy of 30 % and 18 %, respectively, as compared with the sedentary groups. We speculate that mice with running wheels more closely approximate the 'wild' or conditions under the environment that selected the genotype to survive. Based upon the phenotype determining survival in the Palaeolithic era, we believe that the physically active mice should be the control group. Our rationale is that mice in the 'exercise' group voluntarily ran, thereby suggesting that control must be considered as the voluntarily physically active group because the physiologic norm of their phenotype from their genotype is voluntarily running. Thus, we propose that the answer to the above question is that the scientific evidence favours physiological cardiac hypertrophy as the true norm for the genotype selected in an environment demanding physical activity for survival.
Dissection of the underlying mechanisms for this physiologic hypertrophy revealed a protein called calcineurin to have a likely role in the production of exercise-induced physiological hypertrophy in sedentary subjects. Rats who underwent voluntary running had a 250 % increase in myocardial calcineurin phosphatase activity (Eto et al. 2000) . Another report found that MCIP1 overexpression in transgenic mice blocks calcineurin signalling and prevented about 50 % of the exercise-induced cardiac hypertrophy (Rothermel et al. 2001) . Thus, the calcineurin-signalling pathway plays an important role in exercise-induced physiological hypertrophy. Potential roles for IGF-I and noradrenaline in physiological hypertrophy are inferred from the observations of a greater release of IGF-I and noradrenaline into the coronary venous blood of soccer players while at rest, as compared with sedentary controls (Neri Serneri et al. 2001) . Approximately 50 % of isoprenaline-induced cardiac hypertrophy in mice was blocked by MCIP1 (Rothermel et al. 2001 ), which we interpret to mean that the aforementioned noradrenaline overspill reported in the heart of soccer players (Neri Serneri et al. 2001 ) could be signalling physiological hypertrophy.
A remarkably different gene expression pattern was noted between physiologic and pathologic cardiac hypertrophy. Rats permitted access to voluntary running wheels for 6 weeks had a 22 % increase in left ventricular weight to body weight ratio, and a subsequent 100 % selective increase in TGF-1 mRNA, with no associated changes in TGF-3, fibronectin, preprocollagen-1 or prepro-ANP (Calderone et al. 2001) . Intriguingly, the latter four mRNAs were markedly upregulated in pathologic cardiac hypertrophy (Calderone et al. 2001) . This selective expression implicates a potentially critical role for TGF-1 in myocardial remodelling, as suggested by Calderone et al. (2001) . In addition, a greater accumulation of total collagen has been observed in hearts from pressure-overloaded rats than found in rats that ran on motor-driven treadmills (Burgess et al. 1996) , thereby further corroborating the association of increased myocardial fibrosis with decreased compliance (Burlew & Weber, 2000) .
Physiology of sedentary living
In summary, these reports show that exercising produces a unique cardiac phenotype with superior physiological and clinical function. Nevertheless, the human heart of a sedentary subject is defined as 'normal' or 'control' according to current dogma, while physiological hypertrophy (i.e. an athlete's heart) is defined as an adaptation. We suggest that this designation may be incorrect based upon the fact that the human genotype selected in the Late Palaeolithic period probably favoured hearts with high physiologic capacity and high levels of physical activity, which were necessary for survival. We therefore suggest that the appropriate physiological control heart is from the physically active phenotype.
Ironically then, while the likely norm in 10 000 BC was physiological cardiac hypertrophy that facilitated survival, the prevalent form of cardiac enlargement in the presentday labour-free environment is pathological cardiac hypertrophy. Pathological cardiac hypertrophy reduces cardiac function with a progression to heart failure and shortened survival. This is yet another example whose conclusion is analogous to the thrifty gene hypothesis (Neel, 1999) : a genotype that favoured survival in the physically active Palaeolithic era now fails to favour survival in a sedentary culture.
In sum, rather than considering cardiac hypertrophy as an adaptation to exercise, it may be more accurate to consider the notion that the true adaptation in AD 2000 may in fact be cardiac deconditioning due to a lack of exercise, i.e. a sedentary lifestyle. The physiological and clinical significance of this misnomer is that current research that is concerned with the genomic and proteomic adaptations of the compensated and failing heart to pressure overload makes comparisons with a sedentary 'control' group, when in fact the true 'control' group may be the physically active Late Palaeolithic heart. Thus, incorrect differentially expressed genes may be identified by a comparison of pathological hearts with sedentary hearts rather than the phenotype that determined the surviving genotype.
Endocrinology and metabolism
Insulin resistance. Contracting skeletal muscles increase their glucose uptake. Several studies have clearly demonstrated that proximal insulin-signalling steps are not components of the signalling mechanism by which exercise stimulates glucose uptake (Goodyear & Kahn, 1998) . For example, contractile activity does not stimulate autophosphorylation of insulin receptors, IRS tyrosine phosphorylation, or PI3-kinase activity (Goodyear & Kahn, 1998) . Furthermore, PI3-kinase inhibitors do not inhibit contraction-stimulated glucose transport in vitro. Goodyear & Kahn (1998) conclude that these signalling studies demonstrate that the underlying molecular mechanisms leading to the insulin-and exercise-induced stimulation of glucose uptake in skeletal muscle are distinct.
AMP-activated protein kinase (AMPK) increases in fast red muscle at higher workloads in response to contraction (Winder, 2001) . Downstream effects of AMPK activation probably include the stimulation of gene expression for glucose transporter 4 (GLUT4) and hexokinase (both for increased glucose uptake), and mitochondrial enzymes (for increased oxidative phosphorylation; Hardie & Hawley, 2001; Zheng et al. 2001) . Intriguingly, activation of AMPK is not the only insulin-independent pathway by which exercise increases glucose uptake into skeletal muscle. Mu et al. (2001) demonstrated that the increase of glucose uptake into contracting skeletal muscle was attenuated by only ~30 % in mice overexpressing a dominant negative form of AMPK. Increasing either AMPK activity or sarcoplasm Ca 2+ concentrations in epitrochlearis muscles or L6 myocytes increased GLUT4 as well as MEF2A and MEF2D protein expression (Ojuka et al. 2002) . MEF2A and MEF2D are transcription factors that activate the GLUT4 promoter (Mora & Pessin, 2000) and this same promoter has been shown to be activated by exercise (MacLean et al. 2002) .
The failure to decrease muscle glycogen when skeletal muscles are inactive keeps AMPK activities low (Wojtaszewki et al. 2002) . Furthermore, glucose transport from the extracellular space into the myocyte cytoplasm is mediated by GLUT4, which is the rate-limiting step for insulin-and exercise-stimulated glucose uptake in skeletal muscle (Thurmond & Pessin, 2001 ). Interestingly, GLUT4 transcription and mRNA and protein levels are decreased in inactive skeletal muscles (Vukovich et al. 1996) .
Diabetes prevalence is 1.1 % in current hunter-gatherer, rudimentary horticultural, simple agricultural and pastoral societies (Eaton et al. 1988) , while it is 6 % in developed countries (Black, 2002) . Eaton et al. (2002) state that recent hunter-gatherers have largely been free of type 2 diabetes, implying that the underlying genetic factors probably had little adverse effect during the Late Palaeolithic era. The increased prevalence of type 2 diabetes upon 'westernization' also supports an environmental, rather than genetic, change for the type 2 diabetes epidemic. For example, the prevalence of type 2 diabetes is six times more for Arizona Pima Indians than for Mexican Pimas (Valencia et al. 1999) . Arizona Pimas had five times less (< 5 h week _1 ) occupational physical activity than did Mexican Pimas (23 h week _1 ). Arizona Pimas consumed a typical US diet, while the diet of the Mexican Pimas was composed mainly of vegetable staples (Valencia et al. 1999) . In the Pacific island of Naura, where diabetes was virtually unknown 50 years ago, it is now present in approximately 40 % of adults (Zimmet et al. 1990 ). Zimmet et al. concluded: 'Apart from the heightened genetic susceptibility of certain ethic groups, environmental and behavioural factors such as sedentary lifestyle, nutrition and obesity are clearly important (for the epidemic of diabetes).' Pre-diabetic conditions (decreased oral glucose tolerance with increased plasma glucose and insulin concentrations) occur within 5-10 days of reducing physical activity levels in healthy humans (Heath et al. 1983 ) and mice (Seider et al. 1982) . Thus, reduced physical activity is associated with a rapid development of insulin resistance.
A potential evolutionary basis for promotion of type 2 diabetes by exercise deficiency was given by Wendorf & Goldfine (1991) , who hypothesized that a: 'selective insulin resistance in muscle would have the effect of blunting the hypoglycaemia that occurs during fasting but would allow energy storage in fat and liver during feeding. Both of these features could allow hunter-gatherers to have survival advantages during periods of food storage. However, in sedentary individuals allowed free access to food, this genotype would be disadvantageous; these individuals would become obese with concomitant secondary insulin resistance in fat and liver. ' Wendorf & Goldfine (1991) cite the Pima Indians, the spiny mouse and the Egyptian sand rat as examples to support their hypothesis as these groups do not have type 2 diabetes in their native state, but develop type 2 diabetes after residing in a sedentary environment with a constant food source. This review concurs with the Wendorf & Goldstein (1991) hypothesis. Ironically then, while thrifty genes probably have enhanced survival through reproduction during eras of famine and drought, these very same thrifty genes diminish survival in selected sedentary populations with continual access to food. For example, the lifespan of diabetics is shortened by an average of 12 years (American Diabetes Association, 1998) .
Functioning of exercise-responsive genes in exercise deficiency
The current review has gone beyond a listing of changes in exercise-induced gene expression by contrasting phenotypes with high (hunter-gatherer societies) and low (i.e. cultures no longer requiring physical labour for food acquisition) physical activity levels. One stimulus for this comparison was the statement by Gerber & Crews (1999) : 'For those interested in the health and well-being of humankind, a basic understanding of evolutionary pressures that have shaped human physiological responses to the environment is a necessity.' Physical activity is one example of an environmental pressure that shaped the human genotype and phenotype. The differences in caloric expenditure are not trivial, and hence cannot be ignored. For example, Mexican Pima Indians have 21-31 kJ kg _1 day _1 more physical activity than do Arizonan Pima Indians, who are estimated to have geographically separated 700-1000 years ago (Esparza et al. 2000) . Cordain et al. (1998) found that recently studied hunter-gatherers had 72 kJ kg _1 day _1 more physical activity than the typical US adult. An exercise deficiency of 72 kJ kg _1 day _1 is the work equivalent of a 70 kg human walking 19-33 more kilometers per day (12-21 more miles per day). Phenotypic changes associated with exercise deficiency are: decreased size and strength of skeletal muscle, lower capacity of skeletal muscle to oxidize carbohydrates and fats, higher insulin resistance, greater homeostatic disruption of cellular metabolism in skeletal muscle at a given absolute work load, lesser vasodilator capacity in perfusion vessels to the heart, smaller maximal cardiac outputs and stroke volumes, and sarcopenia (Holloszy & Booth, 1976; Heath et al. 1983; Åstrand & Rodahl, 1986; Åstrand, 1992; Kingwell, 2000; Tipton, 2001; McGuire et al. 2001) . Examples of some of the changes and the mechanisms of such changes in gene expression that underlie the altered phenotypes are also delineated in this review. Trevathan et al. (1999) have asserted: 'A better understanding of many modern health problems will emerge when we consider that most of human evolution took place when our ancestors were hunter-gatherers.' Thus, the current review has employed an evolutionary approach to better understand the functions of genes in a high physical activity and exercisedeficient state.
The phenotype associated with exercise deficiency often shows that thresholds of biological significance have been surpassed by altered gene expression so that overt clinical conditions occur (Beaudet et al. 1995) . For example, a deficiency in caloric expenditure of only 450 kJ day _1 (107 kcal day _1 ) from walking > 21 min day _1 to not walking at all is associated with increased prevalences of mortality and many chronic health conditions spanning from diabetes to cancer (Hu et al. , 2000 (Hu et al. , 2001 Leitzmann et al. 1999; Manson et al. 1999; Martinez et al. 1997; Rockhill et al. 1999 Rockhill et al. , 2001 . Exercise deficiency also leads to an increased prevalence of obesity, hypertension, intermittent claudication, sarcopenia, osteoporosis and Alzeihmer's disease (Chakravarthy et al. 2002) . Exercise deficiency contributed to 57 million US adults having a metabolic dysfunction (Syndrome X, the cluster of hypertension, atherosclerosis, truncal obesity and insulin resistance) in the US in 1990 (Ford et al. 2002) . Conversely, a current dietary antioxidant deficiency, compared with hunter-gatherer diets, could also contribute to an increased prevalence of cardiovascular disease (Eaton & Konner, 1985; Cordain et al. 2002) . Thus, although many other factors (for example, high fat/low fibre dietary habits, tobacco or free radicals) clearly contribute to the increased incidences of these disorders Eaton et al. 1988 Eaton et al. , 2002 Gerber & Crews, 1999; Trevathan et al. 1999) , our experience has been that a lack of understanding by the general scientific, medical, judicial and legislative communities for the magnitude of the altered gene expression by exercise deficiency has led to their underestimation or non-consideration of the significance of the functions of exercise-induced gene expressions.
Physiology of sedentary living

J. Physiol. 543.2
If the exercise-deficient phenotype did not contribute to overt clinical disorders, exercise-induced changes in gene expression would only be physiological phenomena . However, alterations in gene expression by exercise deficiency contribute to morbidity and mortality, which emphasizes the importance of using the evolutionary pressures that have shaped human physiological responses to define better the functions for exercise-induced changes in gene expression in both physiological and pathophysiological conditions.
